miRNA target genes prediction represents a crucial step in miRNAs functional characterization. In this context, the challenging issue remains predictions accuracy and recognition of false positive results. In this article myMIR, a web based system for increasing reliability of miRNAs predicted targets lists, is presented. myMIR implements an integrated pipeline for computing ranked miRNA::target lists and provides annotations for narrowing them down. The system relies on knowledge base data, suitably integratedin order to extend the functional characterization of targeted genes to miRNAs, by highlighting the search on over-represented annotation terms.Validation results show a dramatic reduction in the quantity of predictions and an increase in the sensitivity, when compared to other methods. This improves the predictions accuracy and allows the formulation of novel hypotheses on miRNAs functional involvement.
miRNAs [3] , influencing a variety of biological processes. They are involved in different pathologies, most of the time are characterized by tissue specificity.
The way miRNAs base-pair with their mRNA targets correlates with their function: if the complementarity between a miRNA and its target is extensive, the RNA target is cleaved; if the complementarity is partial (most of the cases), the stability of the targeted mRNA is not affected but its translation is repressed. Sometimes mRNA molecules coupled with miRNAs are not degraded but released, thus restoring the native expression pattern. Nevertheless, factors and mechanisms determining the function of each miRNA are still largely unknown [4] .
miRNAs regulate protein synthesis typically through imperfect hybridization with responsive elements located in mRNA mature sequence. Due to this partial complementarity, simple homologybased pattern matching techniques have failed to uncover lists of miRNAs targets. Most miRNA Responsive Elements (MREs) are cis-acting sequences positioned in the 3 0 -untranslated region (3 0 -UTR); nevertheless miRNAs may also target ORF of mRNAs and 5 0 -UTR [5] [6] [7] . A set of binding rules were inferred from experimental evidence [8] [9] [10] [11] [12] [13] [14] and taken into account to build up prediction strategies for miRNA targets aimed to overcome difficulties and limits related to experimental identifications of these relationships.
Although prediction methods are necessary to address experimental evidence in miRNAs targets identifications, their limitations are well known: predictions based on perfect match represent a very limited set of possible binding modes; predictions based on imperfect complementarity produce a large number of false positives [15] . In this work the authors propose a data integration strategy for target identification, which relies on a meta-prediction approach that overcomes the mere intersection or union of the predictions, enhanced by target annotations in order to cut down long and not informative lists of potential miRNA targets.
TARGETS PREDICTION TOOLS
Recent prediction methods for miRNA targets consider factors other than sequence complementarity: minimization of free energy in miRNA::target duplex formation [16, 17] , miRNA and target conservation across different species [18, 19] , and site accessibility defined over predicted secondary structures [20, 21] .
Among the most known prediction tools for miRNA targets recognition are miRanda [16] , TargetScan [11] , RNAhybrid [17] , PicTar (fourway, which relies on conservation in mammals) [22] , DIANA-microT [19] and PITA [21] . It is widely recognized that no miRNA target prediction algorithm performs consistently better than others. miRanda completes three sequential steps: (i) sequence matching to find the maximal local complementarity between the mature miRNA and the putative MREs; (ii) free energy calculation to estimate the strength of the potential RNA duplex; (iii) filtering of predicted targets on the basis of evolutionary conservation. TargetScan is based on two hypothesis: highly conserved miRNAs are more involved in regulation; membership in large miRNA families leads to a higher number of existing targets. After the matching step (allowing wobble pairs and stopping at the first mismatch encountered), thermodynamical evaluation of the RNA duplex is performed. Based on free energy calculation, the RNAhybrid target prediction method collects the energetic most favorable structures, normalizes them, and then uses estimated P-values to determine the significance of a predicted binding site. PicTar is based on base pairing and conservation among species and identifies not only miRNA target genes for single miRNAs, but also targets that are most likely to be regulated by miRNAs that are co-expressed or act in a common pathway. DIANA-microT algorithm exploits miRNA::targets binding and conservation information, providing signal-to-noise ratio and precision score for confidence estimation of the significance and correctness of the predicted results. Considering that secondary structures in 3 0 -UTR sequences play a key role in the formation of RNA duplex, PITA (Probability of Interaction by Target Accessibility) algorithm relies just on thermodynamics, without statistical evaluation of the occurrence of the binding sites along the genome, nor conservation assumptions.
Although general guidelines are adopted by aforementioned target prediction methods, differences in algorithm choice and implementation produce a large diversity in target predictions: overlaps among different tools predictions are small and even when diverse tools share most of the targets, nothing proves prediction reliability. The lack of a large consensus in results predicted by tools induced to develop tools that perform meta-analysis, by integrating lists of genes predicted by other algorithms. Among the most known integrated tools miRGator [23] and ExprTarget [24] can be considered, which exploit functional analysis and genome annotation to better characterize identified targets and to allow a more suitable discrimination of the predicted list. miRGator even provides miRNAs expression profile by importing expression experiment from GEO databank [25] . Analogously expression profile is reported in mESAdb [26] and miRex [27] . The MAGIA [28] allows both to retrieve predictions as union or intersection of results produced by TargetScan, miRanda and PITA and to integrate mRNA expression values with miRNA expression score in order to elucidate inverse correlation, thus hypothesizing new miRNA-target couples.
myMIR DATABASE
The presented study involves targets meta-prediction by adopting an integration strategy, which relies on the most widely used miRNA target predictions algorithms.
For methods where software is open source (miRanda, PITA, RNAhybrid, TargetScan) we performed ex-novo target prediction runs. This strategy allowed us to define a common manually curated dataset of 3 0 -UTR and mature miRNA sequences. miRNA sets have been retrieved by miRBase database, release 16 [29] . RefSeq 3 0 -UTR sequences were obtained from GRCh37/hg19 and NCBI37/mm9 genome assemblies: they were downloaded through the UCSC Table Browser tool [30] . The output results retrieved from different methods are organized in specific formats. Therefore, Perl scripts have been implemented in order to recognize, parse and gather information in a more convenient way.
DIANA-microT and PicTar methods do not offer standalone versions: hence, their predictions (referring to NCBI36/hg18 and NCBI35/hg17) and scores have been downloaded and remapped on GRCh37/ hg19 genome assembly using LiftOver [31] .
In detail, the myMIR database has been created following the pipeline reported in Figure 1 .
Step I: predictions from TargetScan, miRanda, RNAhybrid, Pic Tar and DIANA-MicroT are collected. Algorithms relying on base-pair complementary extension, complex thermodynamic evaluations and evolutionary conservation values are performed (miRanda v3.3a, TargetScan v5.1, RNAhybrid v2.0 tools) imposing a matching of 7-8 nt comprehensive of one mismatch and/or one wobble G::U pair along the 5 0 -terminal portion of the mature miRNA sequence, usually known as the 'seed' region. Only RNA duplexes with estimated free energy of dG < À20 Kcal/mol are considered at this point.
Step II: results are filtered saving only MREs that appear in PITA and in one of the tools previously used. In this way, target accessibility feature (provided by PITA) becomes a discriminant filter. The choice is supported by validation studies [21] , which confirm that the accessibility issue affects all miRNA types, both 3 0 -compensatory or not. Thadani and Thammi [32] also considered accessibility, proposing a novel target prediction method. The authors found that highly inaccessible UTRs are expected to disrupt secondary structure in putative duplexes. Nevertheless, large disruptions cannot be compensated by the formation of miRNA::mRNA complexes. The importance of the accessibility towards RNA binding motifs was recently reconfirmed in [33] [34] [35] . In the presented work we adopted PITA (v6) interaction score ddG, which is weighted also on the basis of the steric hindrance of the entire miRNA-induced silencing complex (miRISC). The raw target list obtained in the previous step is refined imposing free energy values of ddG <À3 Kcal/mol. Furthermore, in order to obtain only the most reliable predictions, dGopen >À10 Kcal/mol has been imposed, according to [21] . With this approach only targets that own both sequence based features and secondary structure based requirements are considered as reliable predictions.
An intermediate step of disambiguation was needed to align results retrieved from various prediction tools on the basis of miRNA::target couple and site correspondence and to evaluate consensus duplexes. To overcome inconsistencies, due to diverse matching localization on 3 0 -UTR sequence, it was necessary to map binding sites to a common reference, considering different strategies performed by diverse approaches. PITA, PicTar and miRanda report predicted sites at the 5 0 end of the putative MRE on 3 0 -UTR sequence; RNAhybrid maps the end of the binding site with a position shift of 1 nt; the equivalent endpoint of TargetScan for matches, defined as 'm8' and '8mer', implies a shift of 2 nt, while '1a' matches must be shifted of 1 nt; DIANA-microT relies on TargetScan and PicTar classification methods. After mapping on a common reference, sites that map at the same 3 0 -terminal position of the binding site were joined together.
Step III: myMIR assigns a global weighted combination of single scores to each MRE. The use of a consensus approach for miRNA predictions allows to achieve high accuracy and robustness, but the possibility of combining the scores of the individual tools is critical to rank the results provided by myMIR, in order to enrich of consensual predictions the top scored results of the computed target list. Therefore, a rank aggregation step is performed directly by the web site according to the user requests, which is explained in more details in 'Data prediction facilities' section.
When considering data provided separately by the different algorithms, the number of predicted MREs consists of thousands of matches: Figure 2 reports results obtained by each single prediction tools, by employing a Venn diagram to show for the five datasets the overlap among the target lists for H. sapiens.
In order to complement myMIR predictions, the database contains also information automatically retrieved from different annotation sources. Gene Ontology (GO) Biological Process, Molecular Function, Cellular Component [36] and KEGG Pathways [37] information come from their respective web sites. Human disease knowledge is obtained by mir2disease [38] and the Human microRNA Disease Database (HMDD) [39] : both of them list evidence from experimental results manually retrieved by literature, thus assuring high-quality data (pathology names refer to MeSH terms [40] ). The source for information about the correlation among transcription factors (TF) and miRNAs is CircuitsDB [41] . For data concerning human expression profiles, 17 manually curated GEO datasets describing microarray experiments on miRNAs expression have been integrated in the myMIR database. Experimental evidence that either support or complement predictions was obtained from Tarbase [42] and miRecords [43] , high-quality databases of experimentally validated miRNA targets resulting from manual literature curation.
The final data set composition is described in Table 1 ; the integrated results and related meta-data are presented. Up to now, the developed pipeline has been applied to H. sapiens and M. musculus, but it can be potentially exploited for any organism of interest.
myMIR WEB SITE
A web interface to the database has been implemented in order to provide a user friendly data accession. The site is freely available at URL http:// www.itb.cnr.it/micro/ and does not require a login. It allows users to directly access two main activities: 'Data prediction' and 'Data functional annotation'.
Data prediction facilities
This web site section provides facilities for predicting target lists from miRNAs, for retrieving miRNA lists from the provided target genes and for defining potential targets from hypothetically novel miRNA sequences.
Targets retrieval option allows to input one or more miRNAs and search for potentially corresponding targets. Results ranking relies on target theoretical affinity with miRNAs, by employing a scoring system based on different assumptions (e.g. thermodynamics; pairwise alignment; context position features alongside the 3 0 -UTR sequence). Rank aggregation techniques allow overcoming the issue of collating a given set of rankings through the assignment of a novel consensus score. In this work we have adopted a classical positional method known as Borda Count [44] . In this case, a ranking score is assigned to each prediction according to its positional order in each ranked score list. Considering k ranking lists, the Borda Count algorithm assigns a k-elements vector to each prediction to be ranked, and sorts them by the L1 norm of these vectors [45] . Borda Count ranking method was applied previously with success in biological troubleshooting. In [46] Jurman and co-workers proposed a method for studying the stability of biomarkers lists for cancer expression microarrays and proteomics datasets: the Borda Count was used as aggregation method for encoding the ranking information coming from all the lists into a single optimal list. In [47] , the authors adopt three rank aggregation techniques, including Borda Count, for combining multiple biometric traits into a fusion method to get the optimal identification results.
Targets are visualized together with their annotation, their scores obtained by each prediction tool (whenever existing) and, where possible, bases alignment among miRNAs and target strands are reported as depicted in Figure 3 . Moreover, by clicking on listed targets their localization appears on the UCSC Genome Browser [48] . The target lists can be reranked on the base of each presented feature, including the score assigned by myMIR system to each target: the higher the score the more reliable the target prediction.
The target lists are completed by statistics related to target functional annotation, based on GO Biological Process, Molecular Function, Cellular Component, KEGG pathways terms and diseases annotations. These evaluations are reachable through the suitable link on the top of the page: enrichment analysis is related to the whole lists of target, and computed through hypergeometric distribution test (see 'Data functional annotation facilities' section). Targets verified by Tarbase, miRecords and CircuitsDB experimental data are highlighted in different color. Experimental evidenced binding sites that are not predicted by myMIR system are reported on the web site at the bottom of the predicted target list, into additional tables.
The miRNA retrieval option permits to enter a user-defined list of gene targets and obtain corresponding miRNAs on the base of prediction results and experimental evidence.
Another functionality provided in this section of the myMIR system is the search for potential targets of small sequences (novel hypothetical miRNAs): starting from a provided sequence, predictions of plausible targets are computed by miRanda, RNAhybrid, TargetScan and PITA algorithms, returning a consensus filtered list of possible targets, enriched by the calculation of myMIR score.
Data functional annotation facilities
The challenging issue in miRNA target identification is the selection of the effective mRNA targets in the prediction ranked list, according to the user experimental setting. Thus provides a biological interpretation of each target in the prediction list for characterizing miRNAs: actually, the regulatory role of a miRNA is tightly coupled to the biological function of its targets. Nevertheless, almost all known miRNAs are predicted to target a very large number of transcripts (up to several hundreds) and a not negligible portion of protein-coding genes have been found to be regulated by more than one miRNA. Therefore, there is a critical need to employ strategies that can emphasize the functional relationships and, meanwhile, minimize misleading interpretations and filter out false positive results.
This section focuses on providing instruments to support assignment of a proper role to each miRNA and to help hypothesis about its localization within recognized gene networks. To approach the problem the system integrates different data from various sources, leading to the implementation of various facilities.
The 'miRNA expression' tool is devoted to exploit information coming from miRNA expression profile experiments. Data about H. sapiens miRNAs have been retrieved from GEO repository and currently includes 696 experiments spanning 17 datasets, concerning around 31 different types of tissues/cell lines. miRNA expression is a crucial motive to define pathologies. Data about pathologies are available from the targets list web page, in the statistics section.
The relation among miRNAs and TF plays an important role in defining the functional characterization of the investigated miRNAs. The 'TF correlation' facility reports data integrated from the CircuitDB, listing the association among miRNAs, targets and TFs separated into Feed Back Loops (FBL) and Feed Forward loops (FFL), describing the regulatory, post-transcriptional interactions. Queries can be performed starting from miRNA or TF or targets and information is reported together with the knowledge about the pathway involvement of the considered target. TF data have been also reported in the targets list web page, by highlighting predicted duplexes that are reported in CircuitsDB.
The global analysis of the regulatory impact of miRNA requires methods to highlight the most significantly affected cellular processes. Enrichment analysis on GO and KEGG pathways terms and pathologies is the uppermost technique to restrict the list of target genes and elucidate involved biochemical processes: over-representation analysis helps to trim false positive results.
The enrichment analysis can unravel common biological themes within a set of miRNA target genes; over-represented annotations can provide information to lead further investigations for new targets. To estimate data enrichments, tests on hypergeometric distribution are computed on the target set of each miRNA, and reported in the statistics web page: this information can be exploited by the user in order to narrow down the list of targets, according to the significance of their annotation. Actually, statistically over-represented terms (P 0.05) are found to better characterize miRNA. By ordering the terms on the basis of their scores, users can choose to maintain terms just lower then a desired threshold, thus considering only targets annotated with these terms and excluding the others (list reduction). Moreover, by clicking on the semantic similarity link user can run the similarity distance and clustering evaluation, which further cuts down the targets list, trying to attribute regulatory roles to miRNAs more accurately. Cluster analysis is applied, relying on ontology similarity [50] and performed through the GOSemSim package [51] of R, which implements, among others, the Wang method [52] . Cluster silhouette measures are considered in order to describe how appropriately single observations are grouped together. Filtering out clusters of annotation terms characterized by negative silhouette values (probably heterogeneous) helps to shorten the target lists, keeping only targets annotated with the most relevant terms. The facility provides the heatmaps for the three branches of GO (Biological Process, Cellular Component and Molecular Function), used to reduce the list of annotated targets. VALIDATION myMIR has been validated with high-throughput proteomics evidence obtained by pulse-labeling SILAC (pSILAC) technique. The experimental dataset was used in other miRNA targets prediction system validation works [53, 54] : it provides a list of proteins significantly downregulated by miRNAs hsa-let-7b, hsa-miR-1, hsa-miR-155, hsa-miR-16 and hsa-miR-30a. For each miRNA the experimental dataset has been compared with target lists retrieved by each prediction methods, including myMIR strategy. The resulting lists have been ranked and the presence of validated targets has been evaluated by employing the hypergeometric distribution to elucidate the enrichment on pSILAC data shown by each output set. For each miRNA the related FDR has been calculated, following the Benjamini-Hochberg algorithm [55] . The results reported in Table 2 indicate that myMIR is able to provide a very high myMIR system is compared with each considered target prediction algorithm.'Population' term reflects the overall number of genes considered from pSILAC dataset; 'Population success' is the number of targets revealed from each miRNA; 'Sample' refers to predicted sites that either belong or not to pSILAC validated targets, considered in their ranked predictions; 'Sample success' are predicted target genes that were also validated by pSILAC experiment. P-values are calculated according to hypergeometric distribution test, while FDR correction has been computed by Benjamini-Hochberg method. myMIR number of experimentally validated targets among the top ranked predictions with respect to results obtained by all the considered prediction systems alone. This result is possible thanks to a fine tuning of the running parameters of the prediction tools and the data integration strategy. Furthermore, the myMIR system has been compared with other integrated systems such as MAGIA, miRecords and miRGator. Results are presented in Table 3 , together with sensitivity and specificity statistical measurements: from this analysis myMIR appears to perform better than the other integration systems. It is worthy to note that considered tools do not employ any results ranking method, thus the myMIR target rank approach, related to a possible list narrowing, is discarded in these statistics in order to homogeneously compare predictions from the different approaches.
pSILAC results are only partially identified by the evaluated algorithms, due to well known limitations of in-silico prediction strategies. In fact, the targets validated by pSILAC for hsa-miR-30a appear very few and badly ranked by all target prediction tools.
THE CASE STUDY OF CARDIAC HYPERTROPHY
myMIR system has been exploited to analyze mmumir-199a (mature variants mmu-miR-199a-5p and mmu-miR-199a-3p), and mmu-mir-214 (mature sequence mmu-miR-214). Both miRNAs are up regulated in cardiac hypertrophy [56] [57] [58] in myMIR results have been compared with MAGIA, miRecords and miRGator data. For each miRNA of the exploited pSILAC experiment the number of targets predicted by the different tools has been evaluated: 'tot_preds' is the number of the overall predictions found for each miRNA by each tool, while 'matches' are the results that have been confirmed by the pSILAC experiment. The total cardinality of miRNA validated targets is shown in the 'pSILAC' row. Specificity and sensitivity have been reported on the basis of correct and misleading systems predictions: true positive results are those predicted by the tool and validated through the pSILAC experiment; false positive results are those predicted by the tool, but not validated by the pSILAC experiment; true negative results are targets that the system has correctly not predicted for the specific miRNA; false negative results are pSILAC validated targets that have not been predicted by the tool.
H. sapiens [59] and M. musculus [60, 61] . Moreover, the human and the murine isoforms share the same mature sequences. The two miRNAs cluster together, thus suggesting that they can intervene in common regulatory networks. Data exploited for this study concern M. musculus, a suitable model for cardiovascular disease investigation. When considering data provided by single prediction tools, the number of predicted MREs is high and widely different. Figure 4A shows non-redundant union of data obtained from single methods for the three miRNAs. Approaching the problem with myMIR pipeline dramatically reduces the number of predictions ( Figure 4B ). GO annotations of predicted targets have been analyzed to identify over-represented terms. These are clustered through a semantic similarity measure and plotted in the heatmap of Figure 5 , where black indicates maximum similarity and white maximum dissimilarity.
This step allows to narrow the list of GO terms to a set of 78 over-represented terms (P < 0.05) belonging to 23 clusters with positive average silhouette width values. The correlation of this information with the annotation of predicted targets reveals that while mmu-mir-199a targets genes involved in sodium and potassium ion transport, mmu-mir-214 targets genes involved in calcium ion transport. Actually, even other miRNA involved in cardiac disease, such as mmu-mir-1 and mmu-mir-133, are known to alter the channel activity. Moreover, mmu-mir-199a and mmu-mir-214 appear to be involved in cell shape regulation and cytoskeleton modifications, supporting the phenotypic Figure 5 : Hierarchical clustering of enriched GO annotations for targets predicted for mmu-mir-199a and mmu-mir-214. The myMIR system implements a facility for obtaining distance matrices from the enrichment analysis of GO terms, according to semantic similarity measurements among them. A graphical representation of these matrices is presented in the picture. The color ramp of the heatmaps is defined according to the values of similarity score (white ¼ minimum similarity, black ¼ maximum similarity). The ceiling threshold of the score is defined by coupling the same term (the black diagonal, value ¼1). The minimum value is 0, which tends asymptotically the maximum dissimilarity. 'Predicted MREs' show validated MREs predicted by myMIR system.For unpredicted cases, interactions were characterized by weak seed base pairing hybridization, supported by 3 0 -compensatory elements.
Since the target prediction rules adopted by all existing prediction algorithms are primarily based on 5 0 -dominant sites prototype, non-canonical seed are difficult to be identified. MREs marked by the asterisk were identified by the myMIR system, but according to PITA they have ddG > À3 Kcal/mol. observations documented in [62] . Furthermore, some predicted targets share over-represented terms involved in actin filament organization and part of the myosin complex, while other targets are explicitly referred to the regulation of cardiac muscle contraction. These inferences are supported by annotations of some of the experimentally validated targets, nine genes for mmu-mir-199a and five genes for mmu-mir-214 (Table 4 ).
CONCLUSIONS
Prediction of miRNA target genes represents a new strategy to improve knowledge about the function of related miRNAs. Nevertheless it is a complex task and the employed efforts have led to develop different methods based on several assumptions. While predictive bioinformatics methods aim to increase specificity and sensitivity of results, the unresolved challenge still remains predictions accuracy, which enables a meaningful biological interpretation of miRNAs.
In this study myMIR, a web based system for increasing reliability of miRNAs predicted targets lists, is presented. It implements a useful pipeline to generate and narrow down the list of predictions. The system integrates knowledge-base information (GO, KEGG pathways, diseases correlation, expression data and TF interactions) to annotate targeted genes and focalize the search on over-represented terms. Reported statistics show that approaching the problem with myMIR pipeline dramatically reduces the number of predictions ( Figure 4 ) and increases the specificity of targets prediction (Table 3) , allowing to trim misleading and less informative targets. This allows not only to increase prediction accuracy, but also to infer hypothesis on miRNAs' functional involvement.
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